Objective-To assess the coronary endothelial protective effects of 17␤-estradiol (E2) and the role of estrogen receptor (ER) ␣ in ischemia/reperfusion (I/R). Methods and Results-E2 exerts protective effects in cardiac I/R. However, the implication in vivo of the endothelium and the cellular targets of the anti-ischemic effects of E2 are unknown. Mice were subjected to I/R (30 minutes of I and 1 hour of R) in vivo, after which acetylcholine-induced relaxation of isolated coronary segments was assessed ex vivo. I/R induced a coronary endothelial dysfunction in untreated ovariectomized mice that was prevented by long-term treatment with E2 in wild-type, but not in ER␣ Ϫ/Ϫ , mice. Chimeric mice inactivated for ER␣ in the hematopoietic compartment remained protected by E2. Further inactivation of endothelial ER␣ abolished the protective action of E2 on coronary endothelial function in Tie2-Cre(ϩ) ER␣ f/f mice. More importantly, E2 significantly limited infarct size in wild-type mice but not in mice deficient in endothelial ER␣, even in the presence of hematopoietic ER␣. Conclusion-Endothelial ER␣ plays a crucial role in the E2-induced prevention of endothelial dysfunction after I/R. To our knowledge, we demonstrate for the first time, by using unique genetically modified mice, that targeting endothelial protection per se can confer cardiomyocyte protection in I/R. (Arterioscler Thromb Vasc Biol. 2010;30:2562-2567.)
lar diseases, including prevention of atheroma and the severity of its ischemic complications, in particular in brain and myocardial tissues. Cardiac ischemia/reperfusion (I/R) elicits injuries to the myocardium and the endothelium, leading to the development of an early coronary endothelial dysfunction. Considering the widely studied beneficial effects of 17␤-estradiol (E2) on postischemic myocardial function, 1-3 our first aim was to assess whether long-term in vivo E2 treatment exerts coronary endothelial protective effects during I/R in a previously developed murine model. 4 Two nuclear receptors, estrogen receptor (ER) ␣ and ␤, mediate the actions of E2; however, only ER␣ is necessary and sufficient to mediate most of the vasculoprotective effects of E2, such as the increase in basal NO production. 5 Researchers have extensively documented the protective role of ER␣ in various situations, such as the acceleration of reendothelialization, 6 atheroma, 7, 8 and the prevention of ischemia-induced skin necrosis. 9 Thus, our second aim was to determine whether ER␣ mediates the coronary protective effect of E2. Despite the fact that ER␤ took part in the E2 protection of ischemic myocardium, 3, 10 we chose to focus our study on ER␣, considering its major role in endothelium.
Although the endothelium represents a major target for the cardiovascular protective effects of E2, 11 ERs are also present in other cell types involved in response to I/R injury (eg, inflammatory cells, smooth muscle cells, and cardiomyocytes). 12 Thus, the exact role of endothelial ER␣ in cardiac I/R is still unknown. Our third aim was to assess the cellular target of the E2-mediated coronary protection in I/R and especially the role of the endothelium. Finally, I/R-induced endothelial dysfunction and the corresponding altered NO production are known to favor neutrophil adhesion and platelet aggregation. The resulting vicious circle may play a central role in I/R-induced injury, by reinforcing endothelial dysfunction and aggravating myocardial injury, which leads to an increased infarct size. 13 However, to the best of our knowledge, whether the targeting of endothelial protection does contribute to a modulation of myocardial injury has not been reported. Thus, our final aim was to determine whether selective abolition of E2-mediated endothelial effects influences E2-mediated myocyte protection (ie, infarct size).
Methods

Experimental Animals
Female mice were ovariectomized (Ovx) or were left intact (UnOvx) at the age of 5 weeks to suppress endogenous production of estrogens. After at least 4 weeks of estrogen deprivation, Ovx mice either were or were not implanted with pellets releasing E2 (0.1 mg; 60-day release) 2 weeks before the induction of I/R. Thus, I/R was performed in mice at the age of 11 to 14 weeks.
Experiments were performed as follows: (1) in normal C57BL/6J mice (Janvier, Laval, France), (2) in mice with a global deficiency for ER␣ (ER␣ knockoutϭER␣ Ϫ/Ϫ ), 14 and (3) in mice with a deficiency for the ER␣ selectively targeted to the endothelium (together with hematopoietic cells) (Tie2Cre(ϩ)ER␣f/f). 15 The latter mice were compared with their littermate wild-type (WT) controls (Tie2Cre(Ϫ)ER␣) with a C57BL/6J background.
Murine Model of Coronary Endothelial Dysfunction After Cardiac I/R
The techniques for the induction of I/R, the evaluation of hemodynamic parameters, coronary endothelial function, infarct size, and myocardial production of reactive oxygen species (ROS) were previously described. 4, 16 Additional information is available in the supplemental data (available online at http://atvb.ahajournals.org).
Generation of Bone Marrow Chimeric Mice
To determine the cellular localization of ER␣ involved in E2mediated endothelial protection, we developed bone marrow chimeric mice, as previously described. 4 Briefly, 2 weeks after ovariectomy, WT mice were sublethally irradiated (9 Gy) and injected intravenously the next day with 10 7 bone marrow cells from the indicated donor mice (WT or ER␣ Ϫ/Ϫ ). Six weeks after grafting, Ovx mice, either treated or not treated with E2, were subjected to I/R; and an evaluation of endothelial function was performed, as described in the supplemental data online. In agreement with previous data, we verified, in the present experiments, that bone marrow WT cells represented Ͼ90% of the hematopoietic population of chimeric mice 5 weeks after transplantation and that ER␣ mRNA abundance in the bone marrow of these mice, reconstituted with WT bone marrow, was not distinguishable from that of normal WT mice.
Transmission Electron Microscopy
Ultrastructural changes induced by I/R were analyzed on isolated coronary arteries extracted from Ovx mice subjected to sham surgery or I/R, either treated or not treated with E2. Briefly, the heart was fixed in situ with left ventricle perfusion of formalin for 5 minutes. After heart excision, the left coronary artery was dissected out and fixed in 2% glutaraldehyde in 0.1-mol/L Sörensen phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in graded ethanol series, and embedded in resin (Epon 812-Araldite 502). Ultrathin sections were then cut (Reichert Ultracutmicro), mounted onto colloidin-coated copper grids, and poststained with uranyl acetate and lead citrate before being examined on an electron microscope.
Statistical Analysis
Data are expressed as meanϮSEM. In in vitro experiments, n represents the number of animals from which the arteries were taken. Relaxing responses were compared using 2-way ANOVA, followed by a Bonferroni posttest or a 2-way repeated-measures ANOVA. A 1-way ANOVA, followed by a Bonferroni posttest, was also performed. Differences were considered statistically significant at PϽ0.05.
Results
Uterine Weights and Hemodynamic Parameters
Uterine weights, used as bioassay for the action of estrogens, are shown in supplemental Table I. As expected, ovariectomy elicited uterine atrophy, whereas both endogenous and exogenous E2 induced a large increase in uterine weight.
Arterial blood pressure and heart rate were followed continuously during I/R. No significant differences in these hemodynamic parameters were observed between each group of mice before and during I/R. Figure 1 shows that heart rate (HR)-arterial blood pressure (MAP) product, an index of myocardial oxygen demand, was significantly elevated during the first minutes of ischemia in E2-treated Ovx mice compared with untreated Ovx mice and UnOvx. Supplemental Table II shows no significant differences in either normalized coronary internal diameters or precontraction levels in response to serotonin (10 Ϫ5 mol/L) in each group of mice.
Coronary Vascular Function
Vascular Diameters and Contractile Responses
Influence of Ovariectomy or E2 on Postischemic Coronary Endothelial Function
In sham-operated (control) female mice, the coronary relaxing responses to increasing concentrations of acetylcholine were not significantly affected by Ovx or OvxϩE2 compared with UnOvx ( Figure 2A ). In all 3 groups, these relaxing responses were abolished after in vitro NO synthase inhibition by N G -nitro L-arginine.
Compared with control, I/R significantly altered relaxations to acetylcholine in Ovx mice (maximal relaxation for sham versus I/R, 75Ϯ4% versus 60Ϯ6%; PϽ0.05) (Figure 2 , top). In contrast, this alteration was absent in UnOvx (sham versus I/R, 84Ϯ6% versus 75Ϯ6%) and was prevented by long-term E2 treatment in Ovx mice (sham versus I/R, 82Ϯ5% versus 84Ϯ5%). These coronary relaxations after I/R were abolished by in vitro incubation with N G -nitro-Larginine, suggesting that E2 improves endothelial function by restoring NO production in I/R (Figure 2 , middle). The endothelium-independent relaxing responses to the NO donor sodium nitroprusside (Figure 2 , bottom) did not differ between groups, showing that I/R or E2 treatment did not modify smooth muscle responsiveness to NO.
RPP= MAP x HR
Ultrastructural Analysis
Compared with sham-operated coronary arteries, which displayed normal height and well-formed intercellular junctions ( Figure 3A ), I/R coronary arteries showed endothelial cells with electron-dense chromatin, nucleus condensation, and clear perinuclear cytoplasm ( Figure 3B ). Coronary endothelial desquamation (arrow), resulting in endothelium denudation (arrowhead) after I/R in Ovx mice, was also occasionally observed ( Figure 3C ). These I/R-induced ultrastructural alterations were absent in E2-treated mice ( Figure 3D ).
Implication of ER␣ in E2-Mediated Coronary Endothelial Function Protection
In contrast to WT mice ( Figure 2 ), Figure 4A shows that long-term E2 treatment failed to improve relaxing responses to acetylcholine in coronary arteries isolated from ER␣ Ϫ/Ϫ mice subjected to I/R, demonstrating the key role of ER␣ in this protective action of E2.
We then sought to approach the cellular target(s) of E2. ER␣ is expressed in various cardiac cells and in circulating immune cells, which are known to contribute to I/R-induced coronary endothelial injury. Thus, we first evaluated the role of hematopoietic ER␣ by assessing the coronary protective action of E2 in chimeric mice, consisting in irradiated WT mice grafted with either WT or ER␣ Ϫ/Ϫ bone marrow ( Figure 4B ). E2 similarly improved coronary relaxation after I/R in mice deficient or not deficient in hematopoietic ER␣. Therefore, ER␣ expression in hematopoietic cells and thereby in immune cells does not appear to be required for this protective action of E2.
We then sought to explore the role of endothelial ER␣ using Tie2Cre(ϩ) ER␣ mice, which were previously demonstrated 15, 17 to be selectively deficient in both endothelial and hematopoietic ER␣. Because hematopoietic ER␣ does not contribute to the E2 protective action, this mouse model appeared suitable to assess the specific role of endothelial ER␣. The coronary endothelial protective effect of E2 in I/R was preserved in Tie2Cre(Ϫ) mice (WT controls) (Ovx versus OvxϩE2, 67Ϯ10% versus 88Ϯ6%; PϽ0.05) but was abolished in mice with endothelial ER␣ deficiency (ie, Tie2Cre[ϩ] mice) (Ovx versus OvxϩE2, 66Ϯ9% versus 55Ϯ10%; Pϭ0.44) ( Figure 4C ). As a result, a marked alteration in postischemic coronary relaxations was observed in E2-treated Tie2Cre(ϩ) mice compared with their littermate controls (Tie2Cre[Ϫ]: 90Ϯ6% (P0.05) versus Tie2Cre[ϩ]; PϽ0.05). This demonstrates that endothelial ER␣ is necessary for the protective effects of E2. Figure 5 shows that ovariectomy was associated with a significant increase in infarct size after 1-hour reperfusion (percentage of the area at risk: UnOvx versus Ovx, 33Ϯ2 versus 42Ϯ3; PϽ0.05), which was limited by E2 (30Ϯ3% and PϽ0.05 versus Ovx). A similar limitation of infarct size by E2 was also observed after 3-hour reperfusion (Ovx versus OvxϩE2, 50Ϯ2 versus 43Ϯ2; PϽ0.05 [nϭ5]).
Infarct Size
In addition, E2-treated Tie2Cre(ϩ) Ovx mice developed larger infarcts than E2-treated TieCre(Ϫ) mice (39Ϯ2% versus 28Ϯ1%; PϽ0.05), and this increase was not reversed by ER␣ reexpression in hematopoietic cells (eg, in E2-treated Tie2Cre[ϩ] mice grafted with Tie2Cre[Ϫ] bone marrow 17 ). 
Cardiac Production of ROS
Discussion
The protective action of estrogens against ischemia-induced damages was previously demonstrated in several animal models and included various tissues, such as brain, skin, and myocardi-um. 1, 9, 18 In particular, the protective action of E2 in cardiac I/R is largely demonstrated, but the cellular targets involved in this protection were still undefined. The present data demonstrated that the long-term activation of the endothelial ER␣ by E2 elicits both coronary endothelial and myocardial protective effects after cardiac I/R, and this does not require the concomitant activation of ER␣ expression in the hematopoietic compartment.
In the present study, I/R elicits endothelium structural injuries, including desquamation and necrosis, that are associated with altered coronary endothelial NO production in untreated Ovx mice. In contrast, after a 2-week treatment with E2, I/R was ineffective in affecting the endothelial layer, as underlined by preserved endothelial morphological features associated with maintained NO-mediated coronary endothelial relaxations. More important, this endothelial protective effect could also be detected with endogenous E2 because I/R did not induce any detectable endothelial dysfunction in intact female mice, in contrast to Ovx female mice, and to male mice. 4 Thus, these effects represent another facet of the many endothelial protective aspects recently reviewed, 11 including both endogenous and exogenous E2.
The protective effects of E2 may have resulted in part from an action on the immune system. Indeed, most of the previous studies 19, 20 reported a specific postischemic antiinflammatory action on neutrophils after short-term E2 treatment. However, growing evidence suggests that the shortterm effect of E2 could not be predictive of its long-term action. For instance, researchers 21 showed that short-term in vitro treatment of macrophages by E2 led to an anti-inflammatory effect; however, in contrast, we observed an increased produc- tion of several proinflammatory cytokines by macrophages obtained from mice treated with E2 for a long time compared with those from Ovx mice. 22 Altogether, these striking discrepancies illustrate the importance of the in vivo approach for understanding the pathophysiological effects of E2. A prominent role of ER␣ was previously reported in several studies 2,23 addressing estrogen-induced cardioprotection after I/R. In particular, ER␣ deficiency worsens global I/R-induced alteration in coronary flow and cardiac NO release in male mice 24 ; it also abolishes the endogenous cardiac protection displayed in female intact mice. 25 We further demonstrate that global ER␣ deficiency in Ovx ER␣ Ϫ/Ϫ mice suppressed the coronary protective effect of E2 after I/R. Nevertheless, the E2-induced protection persisted despite the selective inactivation of ER␣ in hematopoietic cells because postischemic coronary relaxations of mice grafted with ER␣ Ϫ/Ϫ bone marrow remained protected by E2. However, because of the numerous and complex actions of estrogens on hematopoietic-derived cell populations, as immune cells, endothelial progenitor cells (EPCs), and platelets, 22, 26 we cannot exclude that various and potentially opposite actions of E2 are at work during the I/R injury and that these actions were not investigated in the present study; we suggest that the cellular target that accounts for the coronary protective action of E2 is not a radiosensitive bone marrow component.
The Tie2Cre mouse is known to be an effective approach for the extinction of genes in the endothelium. However, although commonly used, this approach has the limitation that it is also associated with gene extinction in hematopoietic cells 15, 27 ; this is also observed when vascular endothelial (VE)-cadherin promoter is used to target the Cre recombinase to the endothelium. 28 Although this problem is best addressed by performing experiments in chimeric mice in which bone marrow cells from Tie2Cre(Ϫ) ER␣ mice are transferred to Tie2Cre(ϩ) ER␣, as previously performed in other situations, 15, 17 we considered that these experiments were beyond the scope of the present study, especially because we demonstrated that hematopoietic ER␣ is not necessary for the protective action of E2. Based on this result, we can assume that the effects observed in Tie2Cre(ϩ) ER␣ reflect inactivation of this gene selectively in the endothelium. Thus, the observation that the coronary protective effect of E2 is lost in Tie2Cre(ϩ) ER␣ mice compared with their WT littermates (Tie2Cre[Ϫ]) demonstrates that endothelial ER␣ is required to prevent I/R-induced coronary endothelial dysfunction.
Altogether, the endothelium and, in particular, the endothelial ER␣ appear to be key cellular and molecular targets of the protective actions of E2 against I/R-induced coronary endothelial dysfunction. The last important question we raised in the present study concerned the potential role of endothelial ER␣ in the protective action of E2 on cardiomyocyte injury and especially infarct size. In agreement with a previous study, 29 we observed that ovariectomy induced an increase in myocardial infarct size, which was completely reversed by long-term treatment with exogenous E2. More important, we found that the infarct size-limiting effect of E2 was abolished in Tie2Cre(ϩ) mice in parallel to the loss of coronary endothelial protection. Furthermore, the fact that this equal loss of E2-mediated cardio-protection was also observed when ER␣ expression was restored in the hematopoietic lineage in irradiated Tie2Cre(ϩ) mice strongly suggests that part of the cardiomyocyte protection depends on activation of endothelial ER␣.
These data support a sequence of events in which activation of endothelial ER␣ by E2 triggers a protective action on coronary endothelial structure and function, which, in turn, limits infarct size. Such a cross-talk mechanism, in which endothelial integrity appears as an essential actor in cardiac protection against infarction, has already been strongly suggested in several studies, 13, 30 but the lack of a model that allows specifically targeting endothelial protection precluded a direct demonstration. Although we have not directly addressed this aspect (especially because of the numerous nonspecific effects that would be obtained in the present model by using NO synthase inhibitors in vivo), it is likely that this endothelium-mediated cardioprotection involves preserved NO production by E2. This protection may be due, in part, to the reduced cardiac oxidative stress, demonstrated by the decreased production of ROS observed during early reperfusion. Based on our knowledge of the signaling mechanisms of cardioprotection, 31 NO may then signal in cardiomyocytes via protein kinases and may possibly secondarily protect mitochondria, resulting in decreased cardiomyocyte death. However, other indirect effects of endothelial protection may also occur (eg, reduced neutrophil-mediated cardiomyocyte injury).
The observation on the obligatory role of the endothelium for cardiomyocyte protection may appear contradictory to previous work showing a direct protective action of E2 on hypoxia/reoxygenation-mediated death of isolated cardiomyocytes. 32 Several reasons could account for this apparent discrepancy. First, the in vitro data used large amounts of E2 administered immediately; in these pharmacological doses, it is possible that direct effects not observed in our study are elicited on cardiomyocytes. Second, the mechanisms of reperfusion injury to cardiomyocytes in vivo markedly differ from those involved in vitro because the immediate inflammatory response associated with severe oxidative stress appears to be operative in vivo but not in vitro; this phenomenon centrally involves the endothelium as both a target and a trigger of the inflammatory response. Third, another important aspect of reperfusion injury is the no-reflow phenomenon that may worsen I/R injury and that is likely to be reduced by E2 in our conditions (secondary to endothelial protection).
Although both ER␣ and ER␤ have been noted to mediate cardiac protection after I/R, we did not explore the role of ER␤ in the present study. Indeed, both ER␣ and ER␤ agonists improve postischemic myocardial recovery 2, 33, 34 ; also, a beneficial cardioprotective role of ER␤ activation has been largely demonstrated in cardiac I/R 3 . Furthermore, different studies 10, 25 showed that the cardiac endogenous protection encountered in isolated perfused hearts from female mice was abolished in either ER␣ or ER␤ knockout mice. Thus, although ER␣ plays a prominent protective role in our experimental settings, and more generally mediates most of the endothelial effects of E2, 5, 6 we cannot exclude a potential role of ER␤ in E2-mediated endothelial protection against I/R injury.
In conclusion, our study shows that, in a context of I/R, in vivo endothelial ER␣ activation plays a prominent protective role, not only by preventing endothelial dysfunction but also by limiting infarct size. Thus, endothelial ER␣, but more generally endothelium, should be considered an important target for cardioprotection.
